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Abstract
Long-term X-ray variability of the black hole binary, Cygnus X-1, was studied with five years of MAXI data
from 2009 to 2014, which include substantial periods of the high/soft state, as well as the low/hard state. In each
state, Normalized Power Spectrum densities (NPSDs) were calculated in three energy bands of 2-4 keV, 4-10 keV
and 10-20 keV. The NPSDs in a frequency from 10−7 Hz to 10−4 Hz are all approximated by a power-law function
with an index −1.35∼−1.29. The fractional RMS variation η, calculated in the above frequency range, was found
to show the following three properties; (1) η slightly decreases with energy in the low/hard state; (2) η increases
towards higher energies in the high/soft state; and (3) in the 10–20 keV band, η is 3 times higher in the high/soft
state than in the low/hard state. These properties were confirmed through studies of intensity-correlated changes
of the MAXI spectra. Of these three findings, the first one is consistent with that seen in the short-term variability
during the LHS. The latter two can be understood as a result of high variability of the hard-tail component seen in the
high/soft state with the above very low frequency range, although the origin of the variability remains inconclusive.
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1. Introduction
Black-hole (BH) X-ray binaries emit X-rays through the
mass accretion from their companion stars. The matter accretes
onto the BH forming an accretion disk, which is considered to
work as an efficient energy-release engine. The properties of
accretion disks have been studied by both theoretical and ob-
servational approaches. From the theoretical studies, a disk
is considered to evolve from the RIAF (Radiative Inefficient
Accretion Flow ; Ichimaru 1977; Narayan & Yi 1994) state,
through the standard-disk state (Shakura & Sunyaev 1973), up
to the slim-disk state (Abramowicz et al. 1988), as the accre-
tion rate increases. Observationally, galactic BH binaries show
two spectral states, the low/hard state (hereafter LHS) which
is dominated by a power-law spectrum, possibly correspond-
ing to the RIAF, and the high/soft state (hereafter HSS) which
is dominated by an optically-thick thermal emission from an
accretion disk, i.e. the standard-disk (Tanaka & Shibazaki
1996; Remillard & McClintock 2006; Done et al. 2007). In
the HSS, a hard tail component is seen in the energy spectrum,
which often extends from 10 keV to several MeV by a power-
law (Gierlin´ski et al. 1999). In the LHS, there is also hard
tail extending ∼ 100 keV with a clear cut-off, whose origin is
considered that thermal Comptonization of disk photons by hot
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plasma. The origin of hard tail in the HSS is different from that
in the LHS, and is still unknown.
Time variations of the X-ray intensity are another important
aspect of BH X-ray binaries. Especially Cygnus X-1 (hereafter
Cyg X-1), the leading galactic BH binary with an orbital pe-
riod of 5.6 d, has provided rich information on the short-term
variability in both states (e.g. Churazov et al. 2001; Grinberg
et al. 2014). The power spectrum density (PSD) in the LHS has
a power-law shape with an index of about −1 in the frequency
range from 10−4 to 10−2 Hz. Between 10−2 Hz and 10−1 Hz,
the PSD is constant as a white noise. Above 10−1 Hz, the in-
dex returns to about −1. There is a break again at around 1
Hz, above which the index becomes steeper (e.g., Belloni &
Hasinger 1990; Nowak 2000; Negoro et al. 2001; Pottschmidt
et al. 2003). These time scales are thought to reflect the dy-
namics of accretion flows, and the process of energy dissipa-
tion or particle acceleration in a vicinity of the BH. The break
at 1 Hz in the LHS can be interpreted as a decay time scale of
individual shots, which appear in a light curve (Negoro et al.
2001). In the HSS, the PSD is approximated by a power-law
also with an index of −1, but this form continues, without flat-
tening, from 10−4 Hz up to 20 Hz, beyond which it steepens.
The PSD extending with a constant index −1 suggests that the
accretion flows in the HSS have no characteristic time scales
over the 10−4 – 20 Hz range. Churazov et al. (2001) explained
the overall shape of the PSD in the LHS and the HSS of Cyg
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X-1 with a phenomenological model that the optically-thick
disk is sandwiched by optically-thin accretion flows extending
up to a large distance from the BH. In the LHS the optically-
thick disk is truncated at some distances from the BH, turn-
ing into optically-thin and geometrically thick accretion flows
(Makishima et al. 2008).
On frequencies lower than ∼ 10−4 Hz (time scales of 0.1
d), the variability of Cyg X-1 has been studied mainly by ap-
plying PSD analyses to the data obtained with RXTE obser-
vations. Reig et al. (2002) calculated PSDs of Cyg X-1 using
more than eleven years of data obtained with the RXTE/ASM.
They showed that PSDs in the 10−7 to 10−5 Hz range can be
expressed by a power-law with an index of −1, and that the
PSDs depend on the energy (over 1.3 – 12.2 keV) by a factor
of 3∼ 5. The long-term variability of hard X-rays from Cyg X-
1 was studied by Vikhlinin et al. (1994), down to 4×10−4 Hz,
using the GRANAT/SIGMA data. They detected a very low
frequency QPO (Quasi-Periodic Oscillation) around 0.04–0.07
Hz. However, on frequencies of <∼ 10−4 Hz, our understanding
of Cyg X-1 variability has remained much poorer, especially in
the HSS, than the rich information accumulated on the short-
term variability.
The Monitor of All-sky X-ray Image (MAXI) obtained a
long-term light curve of Cyg X-1 for more than five years. The
object had been in the LHS until 2010 June, and after that it
stayed mainly in the HSS (Negoro et al. 2010). By analyzing
PSDs and energy spectra from this unique data set, we investi-
gated the characteristics of long-term variations of Cyg X-1 in
both states.
2. Observation
The data of Cyg X-1 to be analyzed here were obtained
with MAXI (Matsuoka et al. 2009), which is attached to the
International Space Station. As the International Space Station
orbits the earth in every 92 min, MAXI scans over nearly
the entire sky with two kinds of X-ray cameras: the Gas Slit
Camera (GSC: Mihara et al. 2011) covering the energy band of
2–20 keV, and the Solid-state Slit Camera (SSC: Tomida et al.
2011) covering 0.7–7 keV.
From the MAXI home page 1, we downloaded one-day bin
and 90-minute bin archival data of Cyg X-1. These archival
data were selected on the condition that X-ray incident angle
to a camera is smaller than 38 ◦ and scan times of the source
and the background are both longer than 15 s. Energy spectra
of the GSC and SSC were processed by the MAXI on-demand
data web page2 (Nakahira et al. 2013). We selected 2◦.0 for a
source region and 3◦.0 for a background region.
Figure 1 shows one-day bin light curves of Cyg X-1 ob-
tained with the GSC from 2009 August 15 (MJD = 55058) to
2014 November 9 (MJD = 56970), in three energy bands (2–4
keV, 4–10 keV and 10–20 keV). Time histories of two kinds
of hardness ratios (HR), I(4–10 keV)/I(2–4 keV) and I(10–20
keV)/I(4–10 keV), are also plotted. The state of Cyg X-1 can
be recognized by the values of the HR.
Since the start of the MAXI observation in 2009 August,
1 http://maxi.riken.jp/top/index.php?cid=1&jname=
J1958+352
2 http://maxi.riken.jp/mxondem/
Cyg X-1 was in the LHS for about ten months. At around
MJD = 55378, the source made a transition to the HSS, where
it stayed for another ten months. After several times of state
transitions, it has been mainly in the HSS since MJD = 56078.
3. Analysis and results
3.1. Definition of spectral states
As shown in the HR histories in figure 1, Cyg X-1 exhibited
distinct LHS and HSS. Since the two HR histories have the
same trend, we hereafter use the I(4–10 keV)/I(2–4 keV) ra-
tio, which has better statistics. The top panel of figure 2 shows
a hardness-intensity diagram. Thus the two states are clearly
separated. The bottom panel in figure 2 shows a histogram
of the HR, which exhibits two clear peaks corresponding to
the HSS and the LHS. We fit the histogram with two gaussian
functions and determined their mean values and standard devi-
ations. Then we defined the boundaries of each state as 3σ from
the gaussian center, i.e. HR<0.43 for the HSS and 0.48<HR
for the LHS.
From figure 1 and figure 2, the periods of the two states have
been obtained as listed in table 1.
In
te
n
si
ty
 2
-1
0
 k
eV
 (
P
h
o
to
n
s 
s-
1
 c
m
-2
 )
1
10
10-1 1
0
10
20
30
40
H
is
to
g
ra
m
Hardness Ratio (4-10 keV / 2-4 keV)
Fig. 2. The hardness-intensity diagram (top panel) and the histogram
of the 4–10 keV vs. 2–4 keV HR (bottom panel). Blue and red data
points specify the LHS and the HSS, respectively, while black points
were taken during transitions.
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Fig. 1. (a) One-day bin light curves and HR histories of Cyg X-1 obtained with the MAXI/GSC. From the top to bottom panels, the 2–4 keV, 4–10 keV
and 10–20 keV intensities, and the I(4–10 keV)/I(2–4 keV) and I(10–20 keV)/I(4–10 keV) ratios are plotted. The black and gray regions at the top
indicate the LHS and the HSS periods, respectively. Data points with large error bars, due to high background counts, were omitted. (b) Expanded 10–20
keV light curves (three-day bin) of Data No.1-all and No.8-all, representing the LHS and the HSS, respectively. Ordinates are logarithmic. (c) The same
as panel (b), but with linear scales. Data No.1-all and data No.8-all are shown LHS and HSS, respectively. The data No. is indicated in top panel, and the
corresponding MJDs are listed in table 2 and table 3.
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Table 1. Spectral states of Cyg X-1 during the MAXI observation.
Data numbers are indicated in figure 1.
data spectrum start end duration
No. state MJD MJD day
1 hard 55058 55376 318
2 soft 55378 55673 295
3 hard 55680 55788 108
4 soft 55789 55887 98
5 hard 55912 55941 29
6 soft 55943 56068 125
7 hard 56069 56076 7
8 soft 56078 56733 655
9 hard 56735 56741 6
10 soft 56742 56757 15
11 hard 56781 56824 43
12 soft 56854 56970∼ 116∼
3.2. Power spectra
3.2.1. Definition of PSDs
The X-ray light curve with 90-minute bin was converted to
the PSD by the discrete Fourier transformation as
Fc(f) =
2
N
N∑
j=1
yj cos(2pif∆t× j)
Fs(f) =
2
N
N∑
j=1
yj sin(2pif∆t× j) (1)
where yi is the intensity (photons s−1 cm−2) at the i-th bin, N
is the number of data after filling the gaps as described later,
and ∆t is a time interval of 5400 s, which is the regular sam-
pling time of the MAXI public data, f is the frequency which
is an integer multiple of ∆f= 1
T
, and T is the total time span of
the observation. The factor of 2/N is employed so that Fc(f)
and Fs(f) represent the amplitude of the cosine and sine com-
ponents, respectively, regardless of N . The PSD is the sum of
squares of Fc and Fs as,
P (f) =
T
2
{
F 2c (f)+F
2
s (f)
}
. (2)
By multiplying with a factor of T/2, the derived PSD becomes
independent of T , and has a unit of (RMS2/Hz). The PSD
is normalized by the square of the average intensity following
Miyamoto et al. (1994). It is called normalized PSD (NPSD).
3.2.2. Corrections for sampling and gap effects
The MAXI data are not completely regular-sampled.
Sometimes data gaps are caused by sun avoidance, high par-
ticle background regions, small dead regions at the scan poles
which move with the precession period of the orbit of the
International Space Station, and other effects. Therefore, we
interpolated each gap with a linear line, which connects the
pre-gap intensity (averaged over 5 data points) and the post-
gap value (also averaged over 5 data points) (Sugimoto et al.
2014). Furthermore, the derived PSDs are strongly affected by
aliasing effects, because MAXI measures the intensity of an
X-ray source only for 40 ∼ 70 s, every 5400 s period. That is,
each data point is a very short snapshot, with a long interval
to the next (or from the preceding) sampling. As a result, the
MAXI light curves are generally sensitive to source variations
not only on time scale longer than 5400 s, but also to these in
between 40∼ 70 s and ∼ 5400 s.
In order to correct the PSDs for the effects of gaps (hereafter
gap effects), and those of the short exposure with long-interval
sampling (hereafter sampling effects), we simulated MAXI
data of a variable source with specified variability. Since the
PSD of Cyg X-1 can be approximated by a power-law with an
index of −1 (Reig et al. 2002; Churazov et al. 2001), this form
of PSD was employed as the input variability. Further assum-
ing that the phases of the Fourier components are random, we
produced a hundred fake light curves, each of which has 54 s
time bin and covers the same time span as figure 1. Details
of the PSD simulation are given in Appendix A. Then, for
each simulation run, we picked up one data point from every
100 bins (= 5400 s = one orbit) and discarded the 99 points to
simulate the sampling effects, and applied the same observing
window as for Cyg X-1 in order to reproduce the gap effects.
Interpolating the gaps in the same way as for the actual data, a
PSD was calculated from a fake light curve. Finally, we took
an average of the 100 simulated PSDs, and normalized it to the
assumed input PSD, to obtain the transfer function (in Fourier
space; figure 9 in Appendix A) of the present MAXI observa-
tion of Cyg X-1. Below, PSDs obtained from the observed data
are divided by the transfer function thus obtained, in order to
correct for the gap effects and the sampling effects. Prior to
this division, we subtract the Poisson noise, which is estimated
by a numerical simulation (Appendix B).
3.2.3. Results (1): using the longest data length
For both the LHS and HSS, we calculated NPSDs from the
light curves in the three energy bands, 2–4 keV, 4–10 keV and
10–20 keV. In calculation, the longest span of data was used for
each state, i.e. 318 days for the LHS and 477 days for the HSS.
These data segments are shown in table 2 (as No. 1-all) and
table 3 (as No. 8-all), respectively, together with other shorter
segments available. Only the GSC data were used, because the
SSC data are much more sparse than those of the GSC. In the
HSS, the selected span is shorter than Data No. 8 in table 1
because short data bunches at the beginning and the end of the
span were removed. After subtracting the Poisson noise and
correcting for the gap and the sampling effects (section 3.2.2),
we obtained NPSDs down to 3×10−8 Hz as shown in figure
3. The error of each data point was obtained by propagating
errors of the observed light curve. The NPSDs extend roughly
with a power-law shape down to 3×10−8 Hz, but they scatter
largely in the low frequency (≤ 3× 10−7 Hz) region.
3.2.4. Results (2): using shorter data lengths
By shortening the data length to be used in a Fourier trans-
form by equation (1), we can produce a larger number of
NPSDs, and take their average. The NPSD obtained in this way
is expected to suffer smaller statistical errors, although it lacks
the information in the lowest frequencies. Thus, the data span
was restricted to 40 and 43 days for the LHS and the HSS, re-
spectively, to cover a frequency range down to∼ 3×10−7 Hz at
the sacrifice of the 3×10−8− 3×10−7 Hz range. By doing so,
the fraction of data gaps was reduced from ∼ 50 % to ∼ 10%.
As listed in table 2, six data segments were extracted for the
LHS, and eight data segments in table 3 for the HSS. Then, we
converted these data segments individually into NPSDs, and
No. ] Usage of pasj00.cls 5
Table 2. Data segments used in calculating NPSD in the LHSs.
data start end
No.∗ MJD MJD
1-all 55058 55376
1-1 55060 55100
1-2 55138 55178
1-3 55209 55249
1-4 55277 55317
3-1 55700 55740
11-1 56781 56821
* : “I-J” denotes the J-th segment in the I-th data. “I-all” means as
the segments in the I-th data number.
Table 3. The same as table 2 but for the HSS.
data start end
No. MJD MJD
8-all 56130 56607
2-1 55487 55530
2-2 55623 55666
8-1 56201 56244
8-2 56273 56316
8-3 56418 56461
8-4 56564 56607
8-5 56637 56680
12-1 56926 56969
took their averages, separately over the LHS and HSS. The ob-
tained ensemble-averaged NPSDs are shown in figure 4, where
the vertical error bars represent the NPSD scatter (standard de-
viation) within each ensemble. In figure 4, ordinate employs
power times frequency, instead of power itself.
As expected, the NPSDs in figure 4 are less scattered even
in the low frequency range below 10−6 Hz, and show similar
structures in all the energy bands, although they could still be
subject to some structures including shallow dips around 3×
10−6 Hz, and the weak tendency of flattening below 3× 10−7
Hz. As shown by a simulation in Appendix A, the possible
flattening is unlikely to be caused by the data gaps. Instead,
it could be within the scatter of NPSDs, considering that the
effect is seen in only the lowest-frequency data points in both
states. We also note that the energy dependence in figure 3
and figure 4 is slightly different. Especially, the normalization
of the 4–10 keV NPSD in the HSS in figure 3 is higher than
that in figure 4. Considering the ensemble-averaging procedure
involved in the NPSDs in figure 4, we regard them as better
representing the Cyg X-1 variability than those in figure 3.
As seen in figure 4, the NPSD slope does not appear to
depend significantly either on the spectral state or the energy
band. To confirm this suggestion, we fitted the individual
NPDSs with a power-law, over a frequency range of 10−6 and
9.2× 10−5 Hz. Then, the 18 NPSDs before taking ensemble
averages (6 segments times 3 energy bands) in the LHS gave an
average slope and the associated RMS scatter as−1.35±0.29,
whereas the 24 HSS ones (8 segments times 3 energy bands)
gave −1.29± 0.23. Therefore, the NPSD slope is consistent
with being independent of the state. In addition, slope differ-
ences among the 3 energy bands are at most within the scatter
of ∼ 0.3 (in the LHS) and ∼ 0.2 (in the HSS).
Figure 4 reveals two more important properties. One is that
the NPSD normalizations in the HSS are significantly energy
dependent, increasing towards higher energies, whereas those
in the LHS show a much weaker and opposite trend. The other
is that Cyg X-1 is much more variable, at least above 4 keV,
on the relevant time scales while it is in the HSS than in the
LHS. To quantify these properties, we integrated the 6 (3 en-
ergy bands times two states) ensemble-averaged NPSDs from
10−6 to 9.2× 10−5 Hz, and derived individually the fractional
RMS variation η as
η =
√
☎
2∆f
NF∑
i=1
NPSD(fi) (3)
where NF is the number of data points in each NPSD. The
results, given in table 4, indeed confirm the above inferences
: the fractional RMS variation in 10–20 keV in the HSS
(η = 0.70) is larger than that in the LHS (η = 0.21). This
property can be read directly from the light curve in a loga-
rithmic scale presented in figure 1b. Meanwhile, when plot-
ted in a linear scale (figure 1c), the absolute amplitude of
variability is similar between the LHS and HSS. These two
properties can be explained as follows. The 10–20 keV value
of η is 0.70/0.21 ∼ 3.3 times higher in the HSS than in the
LHS, while the average 10–20 keV intensities (as read from
figure 1c) in the HSS is 0.089/0.19 ∼ 0.47 times that in the
LHS. Therefore the absolute amplitude of variations in the HSS
should be 3.3×0.47=1.55 times that in the LHS. This is close
to unity, though not exactly the same.
In the LHS, a peak corresponding to the orbital period of
5.60 d is clearly seen in the low energy band (2–4 keV) at
2.06×10−6 Hz. However, it is not clear in the other two en-
ergy bands in the LHS, in agreement with the Ginga/ASM re-
sults by Kitamoto et al. (2000). In the HSS, the orbital period
is not clearly seen in any energy band.
Figure 5 shows our 4–10 keV NPSDs in both states, in com-
parison with previous works by Cui et al. (1997), Pottschmidt
et al. (2003), and Reig et al. (2002). In both states, our re-
sults at 10−4 Hz locate on simple extrapolations of the NPSDs
obtained previously by the RXTE/PCA in the frequency region
above 10−3 Hz. The figure reconfirms and visualizes the higher
variability in the HSS, already presented in table 4. The NPSD
in Reig et al. (2002) is located between the two states of the
present work. This difference is presumably because their data
include some of the HSS and the transition periods, although
the main part is in the LHS.
3.3. Energy Spectra
In order to investigate the spectral components that are re-
sponsible for the observed long-term variations, we analyzed
energy spectra of Cyg X-1 obtained with the MAXI/GSC and
the SSC. We used the same periods as in the PSD analysis, i.e.
from MJD = 55058 to MJD = 55376 for the LHS, and from
MJD = 56130 to MJD = 56607 for the HSS. The SSC data,
available only for about one third of the time, were also incor-
porated.
In section 3.2, we found that the long-term variability of Cyg
X-1, particularly in the HSS, is significantly energy dependent.
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Table 4. The fractional RMS η of NPSDs from 10−6 to 9.2× 10−5 Hz.
Spectral state LHS HSS
Energy band (keV) 2-4 4-10 10-20 2-4 4-10 10-20
η 0.31±0.09 0.24±0.05 0.21±0.04 0.31±0.09 0.53±0.12 0.70±0.29
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Fig. 5. A comparison of the MAXI 4–10 keV NPSDs in the LHS (blue) and the HSS (red), with the previous works. The dashed line is the 2–13 keV
NPSD in the LHS by Pottschmidt et al. (2003), the dotted line is that in the HSS in 2–13 keV by Cui et al. (1997), and the dot-dashed line is that by Reig
et al. (2002) where the most data are in the LHS.
To reconfirm the implied spectral variation in this frequency
range, we divided the observed data into bright and faint pe-
riods by comparing the individual one-day GSC intensities in
2–20 keV with their 15-day running averages. Since the 15-
day time scale corresponds to a frequency of 8× 10−7 Hz, this
procedure means an extraction of time variations longer than
8× 10−7 Hz. Then, eight spectra in total were produced; the
GSC and SSC data in the bright and faint periods, from the
LHS and HSS. The background-subtracted eight MAXI spectra
obtained in this way are shown in figure 6. Thus, as expected,
the HSS spectra are much softer than those of the LHS, in good
agreement with the general understanding of the spectral states.
For reference, these spectra include periods of increased low-
energy absorption (seen as dips in the 2–4 keV light curves),
which often appear for ∼ 15% of the orbital phase.
To better visualize the intensity-correlated spectral changes
in figure 6, we present, in figure 7, the ratios of the GSC spec-
trum in the bright period to that in the faint period. The SSC
data are not shown here, because the errors are large. In the
LHS, the ratio decreases slightly with energy, whereas the HSS
ratio increases significantly towards higher energies. To quan-
tify these spectral results and examine their consistency with
table 4, we calculated the ratio R of the photon flux in the
bright period Fb to that in the faint period Ff , and show the
results in table 5. We may express R as
R= Fb/Ff = (F +∆F )/(F −∆F ), (4)
where F ≡ Fb+Ff2 is the average photon flux in the specified
energy band and ∆F ≡ Fb−Ff2 denotes the variable part. In
this formalism, the fractional RMS variation can be given as
η′ ≡ a∆F/F = a(R− 1)/(R+1) (5)
where a is an appropriate numerical factor of order unity, which
can be approximated as energy independent. This a was intro-
duced because the variation η of equation (3) calculated from
NPSD can be different, by a constant factor, from that derived
by equation (5). The derived values of η′ are also shown in
table 5, were a = 2.9 has been adopted. Thus, the values of
η′ agree, within errors, with η in table 4 which is based on the
PSD analysis.
To understand the physical origin of the behavior seen in
figure 7, as well as in table 4 and table 5, we proceeded to
simultaneous model fitting to the 2–20 keV GSC spectrum
and the 0.7–7 keV SSC spectrum. The 1.5–2 keV range of
the SSC was excluded to avoid the known systematic uncer-
tainty in the effective area (Tomida et al. 2011). First, we
employed a model composed of a multi-color disk (diskbb)
model (Shakura & Sunyaev 1973; Mitsuda et al. 1984) for
the low-energy part, and a power-law (powerlaw) as a hard
tail. This model has often been used in the previous stud-
ies of BH X-ray binaries including Cyg X-1 (e.g. Dotani
et al. 1997). The photo-electric absorption model (phabs)
with abundances by Anders & Ebihara (1982) and the Fe-
K emission line model (gaussian) were incorporated. The
model then becomes phabs×(diskbb+powerlaw+gaussian) in
the Xspec (Arnaud 1996) terminology; hereafter, we call it
diskbb+powerlaw model. The innermost radius of diskbb is de-
rived as rin=D
√
Ndiskbb/cosi, where Ndiskbb is the normal-
ization of the diskbb model. The distance D from the earth and
the inclination angle i from our line of sight were adopted to be
1.86 kpc and 27◦, respectively (Orosz et al. 2011). The hydro-
gen column density NH and the gaussian parameters were con-
strained to be common between the faint and the bright spectra
in each state, but were allowed to differ between the two states.
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Fig. 6. Background-subtracted unfolded MAXI spectra in the LHS (left), and the HSS (right). Red and black indicate the bright-period data of the SSC and
GSC respectively, while blue and green indicate the faint periods of the SSC and GSC, respectively. The model is phabs*(diskbb+nthComp+gaussian),
with the parameters listed in table 7. The 1.5–2 keV energy range is ignored in the fitting. The dotted lines represent contributions of the three components.
The bottom panels are residuals from the model.
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Fig. 7. Ratios of the GSC spectra in the bright period to that in the faint period, in the LHS (left panel), and in the HSS (right panel).
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The fit has been approximately successful, and yielded the
best-fit parameters as summarized in table 6. Thus, in both
states, the diskbb parameters are the same, within errors, be-
tween the bright and faint spectra. In the LHS, the powerlaw
index is steeper in the bright spectrum than in the faint one,
while the opposite trend is found in the HSS. These are consis-
tent with the spectral ratio shown in figure 7. The rin value for
the LHS is consistent with that from a previous work (Yamada
et al. 2013a). On the other hand, that for the HSS is smaller
than that reported, e.g., in Dotani et al. (1997) (even after cor-
rections for the distance and the mass), presumably because the
luminosity in the present result is roughly half those in typical
HSS observations made previously (Zhang et al. 1997).
Referring to equation (5), we calculated η′ also for the pow-
erlaw component only, and show the results in table 5. A com-
parison of the two values of η′, one from the entire photon
counts while the other from the powerlaw contribution, reveals
that the overall source variability in > 4 keV is determined
solely by the power law variation, in agreement with the spec-
tral decomposition in figure 6 (right). In the 2–4 keV band, in
contrast, the overall η′ is reduced to ∼ 60% of the powerlaw
variability; this effect is readily attributed to the presence of
the stable disk component. In addition, table 5 reveals slight
increase of η′ (both total and powerlaw) from the 10-20 keV to
4–10 keV bands. The behavior of η′ agrees with that of η in
table 4 and means that the powerlaw slope slightly hardens as
it gets stronger, as visualized in figure 7 (right) and quantified
in the fitting results in table 6. This finding is not necessarily
consistent, however, with previous reports on Cyg X-1 in the
HSS (e.g., Jourdain et al. 2014) and other HSS sources (e.g.,
Koyama et al. 2015), that the hard-tail slope is relatively inde-
pendent of the source intensity. It is possible that the present
HSS was somewhat atypical, because the values of Γ∼ 2.9 we
measured is steeper than those ( Γ ∼ 2.4; Dotani et al. 1997)
observed from these BHBs in their typical HSS.
For a further analysis, we replaced the powerlaw with a more
realistic model nthComp (Zdziarski et al. 1996), which repre-
sents Compton scattering of some soft photons by hot electrons
(diskbb+nthComp model). The seed photon source was set to
be the diskbb component representing the disk emission. Since
the electron temperature Te of the nthComp model cannot be
determined with our data, we fixed it to a typical value of 100
keV Sunyaev & Tru¨mper (1979); Makishima et al. (2008). The
best-fit parameters are summarized in table 7 and the best-fit
models are shown in figure 6. The fits are not yet formally ac-
ceptable, but the model, as shown in figure 6, reasonably repro-
duces the spectra from 0.7 keV to 20 keV. In this modeling, the
disk photons are partially fed into nthComp, so that the param-
eter rin in the diskbb model is smaller than the true inner radius
which is denoted Rin hereafter. This Rin was calculated from
the sum of 0.01–100 keV photon flux of the diskbb component,
F diskph , and that of nthComp component, F nthph , utilizing the in-
nermost temperature Tin of diskbb and the equation by Kubota
& Makishima (2004) as
F diskph +F
nth
ph
= 0.0165
[
R2in cosi
(D/10 kpc)2
](
Tin
1 keV
)3
ph s−1 cm−2. (6)
The derived values of Rin, shown in table 7, are indeed larger
than rin in table 6 (although we do not discuss absolute values
of Rin). The LHS is characterized by about twice larger Rin
than the HSS, implying a disk truncation in the LHS as noted
before (Makishima et al. 2008; Yamada et al. 2013a). Finally,
in either state, the disk parameters (Tin and Rin) are found to
be apparently constant as the source varies.
4. Discussion
4.1. Summary of data analysis
Using 5 years archival data obtained with MAXI, we derived
the NPSDs of Cyg X-1 in its LHS and HSS from 10−7 Hz to
10−4 Hz in the three energy bands. It is of particular impor-
tance that the long-term variations in the two states were stud-
ied in a unified way using the same instrument, with the same
analysis method, and under similar data statistics. In addition,
the long-term NPSD in the HSS was obtained for the first time
thanks to a fortunate opportunity that Cyg X-1 stayed in the
HSS in most of the time since 2010 June. These results on the
HSS are expected to provide some clues to the still unknown
origin of the hard-tail component, which is nearly always ob-
served in this spectral state.
In the LHS, the NPSD down to 10−7 Hz obeys a power-
law, and is approximately expressed as an extrapolation of the
NPSD above 0.01 Hz (Pottschmidt et al. 2003; Nowak et al.
1999). We found that the NPSD in the low (2–4 keV) energy
band is slightly larger than those in the 4–10 and 10–20 keV
bands (figure 3 left, figure 4 left, and table 4).
The newly obtained 10−7 − 10−4 Hz NPSD in the HSS
is also approximated by a power-law, and on an extrapola-
tion of the NPSD previously obtained in frequencies above
10−4 Hz (Churazov et al. 2001; Cui et al. 1997). The NPSD
(RMS2/mean2 Hz−1) in the HSS is about one order of mag-
nitude larger than that in the LHS in 10–20 keV. This differs
from the case of other BH binaries reported by Miyamoto et
al. (1993), although their data were limited to higher frequency
range above 0.01 Hz. In the HSS, the NPSD from 10−7 Hz
to 10−4 Hz has an energy dependence in such a way that it
is 5∼6 times higher in the 10–20 keV band than that in the
low energy band (2–4 keV). This finding extends the results of
energy dependence in 0.2–200 Hz reported by Grinberg et al.
(2014). These energy dependences of the long-term variation
in the HSS were reconfirmed via the spectral analysis in section
3.3.
In the present paper, we used only the MAXI data because
the energy band is suitable for simultaneous analyzing the vari-
ations of the disk component and the power-law component. In
order to further study the hard tail variability, the Swift/BAT
data with good statistic above 20 keV should be utilized: we
consider that this is our future task.
4.2. Comparison with short-term variability
Since the first discovery by Oda et al. (1971), the aperiodic
fast X-ray variation of Cyg X-1 has been investigated by a num-
ber of authors (e.g., Negoro et al. 1994, Churazov et al. 2001),
mainly in the LHS and typically over 10−3−102 Hz frequency
range. Similar studies have been performed on other BHBs as
well, including in particular GX 339-4 (Maejima et al. 1984;
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Table 5. The flux ratio R of equation (4), and the RMS variation η′ of equation (5).
Spectral state LHS HSS
Energy band (keV) 2-4 4-10 10-20 2-4 4-10 10-20
Total
R 1.25± 0.11 1.19± 0.07 1.16± 0.08 1.17± 0.20 1.43± 0.24 1.64± 0.31
η′ 0.32± 0.10 0.25± 0.06 0.21± 0.08 0.23± 0.19 0.52± 0.20 0.70± 0.23
Powerlaw
R 1.29± 0.12 1.19± 0.07 1.16± 0.08 1.33± 0.16 1.47± 0.22 1.64± 0.31
η′ 0.37± 0.11 0.25± 0.06 0.21± 0.08 0.41± 0.14 0.55± 0.18 0.70± 0.23
Table 6. The best-fit parameters of the absorbed diskbb plus powerlaw model.
Model = phabs*(diskbb+powerlaw+gaussian)
Component Parameter LHS/bright LHS/faint HSS/bright HSS/faint
phabs N∗H 5.8± 0.6 4.92± 0.12
diskbb Tin (keV) 0.24± 0.02 0.21± 0.02 0.50± 0.01 0.49± 0.01
r
†
in (km) 84+34−22 99+49−26 33+1−5 36+1−5
powerlaw Index 1.66± 0.01 1.62± 0.01 2.85± 0.03 2.98± 0.03
Norm‡ 2.09± 0.04 1.65+0.04−0.03 19.5
+1.0
−1.0 16.7± 1.0
gaussian Line E (keV) 6.66+0.17−0.16 6.62± 0.07
Sigma (keV) 0.7 (fixed) 0.70+0.09−0.08
Norm§ 7.2± 1.6 28.3+3.7−3.2
fit goodness χ2ν(ν) 1.38 (420) 1.31 (356)
* : In a unit of 1021 cm−2.
† : The distance is assumed to be 1.86 kpc and the inclination angle is assumed to be 27◦ (Orosz et al. 2011).
‡ : In a unit of photons cm−2 s−1 keV−1 at 1 keV.
§ : In a unit of 10−3 photons cm−2 s−1.
Table 7. The best-fit parameters of the model consisting of a diskbb and nthComp taking account of the photo-electric absorption.
Model = phabs*(diskbb+nthComp+gaussian)
Component Parameter LHS/bright LHS/faint HSS/bright HSS/faint
phabs N∗H 6.1± 0.6 3.6± 0.1
diskbb Tin (keV) 0.23± 0.02 0.20± 0.02 0.48± 0.01 0.47± 0.01
F
disk†
ph 47.0 43.2 69.6 72.5
nthComp‡ Gamma 1.68± 0.01 1.65± 0.01 2.81± 0.03 2.91± 0.04
F
nth†
ph 12.9 10.9 36.3 27.4
gaussian LineE (keV) 6.65± 0.16 6.64± 0.07
Sigma (keV) 0.7 (fixed) 0.64+0.09−0.08
Norm§ 7.6+1.6−1.5 24.5
+3.1
−2.8
inner radius Rlin (km) 116± 15 127± 21 54± 2 53± 2
Luminosity# 1.76± 0.04 1.50± 0.03 2.71± 0.02 2.35± 0.02
Compton fraction∗∗ 0.87 0.89 0.51 0.41
fit goodness χ2ν(ν) 1.37 (420) 1.38 (370)
∗ : In a unit of 1021 cm−2.
†: Photon flux in a unit of photons cm−2 s−1 in the energy range of 0.01-100 keV.
‡ : The electron temperature Te is fixed at 100 keV. The spectrum of the seed photon is diskbb and the temperature Tbb is fixed at Tin.
§ : In a unit of 10−3 photons cm−2 s−1.
l: The distance is assumed to be 1.86 kpc and the inclination angle is assumed to be 27◦ (Orosz et al. 2011).
# : In a unit of 1037 erg s−1 and in the energy range of 0.5-100 keV.
∗∗ : The fractional luminosity in nthComp, which is calculated from the disk luminosity Ldisk and the Compton luminosity Lnth as LnthLdisk+Lnth .
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Miyamoto et al. 1994). Given these, let us briefly compare the
present studies with the previous results on the short-term vari-
ability of Cyg X-1.
Our results on the LHS has two similarities to the short-term
variability in the same state. One is the PSD slope, which is
∼ 1.4 over 10−7− 10−2 Hz and ∼ 1 in the > 10−1 Hz range
(figure 5). The other is the energy dependence; on both time
scales, η decreases slowly towards higher energies, implying
“softer when brighter” characteristic, which Cyg X-1 shows
when it is above ∼ 1% of the Eddington luminosity. For ex-
ample, Grinberg et al. (2014) reported that the 0.125–256 Hz
variation of Cyg X-1 in the LHS is about twice higher in 2.1–
4.5 keV than in 5.7–9.4 keV, in approximate agreement with
our table 4. Also, the Suzaku result obtained in the LHS,
namely, figure 8b of Makishima et al. (2008), reveals a similar
energy dependence. These two resemblances altogether sug-
gest a common mechanism working on these very wide range
of time scales. For example, the higher short-term variability
in softer energy bands may be a result of spectral softening as
individual “shots” develop (Negoro et al. 1994; Yamada et al.
2013b). However, the phenomenon cannot be completely self-
similar, since the PSD shows a considerable flattening over the
10−2− 10−1 range.
The fast variability in the HSS has been considerably less
studied than that in the LHS. Nevertheless, we can point out
again two similarities between the long-term vs. short-term
variations. One is that our NPSD index in the HSS (∼ 1.3) is
similar to the short-term HSS index of∼ 1 by Cui et al. (1997),
as clearly seen figure 5. The other is the energy dependence;
the slight increase of variability from the 4–10 keV to 10–20
keV ranges (subsection 3.2.4 and section 3.3) is also observed
in short-term results by Grinberg et al. (2014). As already de-
scribed, this “harder when brighter” property is opposite to the
behavior, “softer when brighter”, in the LHS.
4.3. Spectral variation
The energy spectrum in the LHS is known to be approxi-
mated by a power-law with a high-energy cutoff around 100
keV (e.g., Makishima et al. 2008). This is interpreted by
a scenario that an optically-thick standard disk (Shakura &
Sunyaev 1973) is truncated at some distance from the BH
and an optically-thin accretion flow (or a corona) is formed
around the BH (Esin et al. 1997). High temperature electrons,
in the optically-thin corona, up-scatter seed photons presum-
ably from the outer standard disk. In this frame work, the
fast hard X-ray variability in the LHS may be explained by
considering that the corona covers a variable fraction of the
disk (Makishima et al. 2008); when this fraction increases, the
source gets brighter, and softer due to the enhanced Compton
cooling of the corona. In fact, the MAXI spectrum accu-
mulated over the LHS (figure 6 left) was described success-
fully with the two component model, consisting of a low-
temperature diskbb (Mitsuda et al. 1984) representing the emis-
sion from such a truncated standard disk, and the powerlaw or
the nthComp representing the Compton up-scattered compo-
nent.
Like in many other reports on BHBs in the HSS, the
MAXI spectrum in the HSS has been expressed by a dominant
optically-thick thermal spectrum, accompanied by a powerlaw
component extending into higher energies. The former is again
interpreted by an emission from a standard-disk (Shakura &
Sunyaev 1973), which is now considered to extend down to the
innermost stable circular orbit (ISCO) around the BH. This is
supported by the fact that the obtained inner disk radii in the
HSS do not differ significantly between the faint and bright
periods. Like the overall hard X-ray emission in the LHS, the
hard powerlaw component in the HSS could also be a Compton
up-scatters component produced by some hot electrons (Cui et
al. 1998; Gierlin´ski et al. 1999), but details are still unclear.
In order to better understand the NPSD results, we fitted the
spectra by a model composed of a diskbb, and the powerlaw
or the nthComp, and studied how the spectrum changes as the
source varies on frequencies range below 8× 10−7 Hz. The
obtained results, fully consistent with those from the NPSD
studies, can be summarized into the following four points.
1 In both states, the powerlaw component is responsible
for the observed long-term intensity variations, while the
disk emission is essentially constant.
2 The power-law component in the HSS is concluded to be
more variable, on this frequency range, than that in the
LHS.
3 The decreasing variability towards higher energies, ob-
served in the LHS, can be attributed mostly to the “softer
when brighter” property of the powerlaw component.
4 The variability increase with energies in the HSS re-
sults from a combination of the two effects, namely, the
“harder when brighter” property of the powerlaw com-
ponent in this state, and the presence of the stable disk
emission at lower energies.
Similarly high long-term variations were observed also from
some BH transients, including GS 1124−684 and GS 2000+25
(Tanaka & Shibazaki 1996; Terada et al. 2002). When their
outburst decline was followed by sparse snap-shot observa-
tion with Ginga, the intensity of the disk component changed
smoothly, but the power-law component varied largely from
one observation to the next. Thus, high long-term variability
of the hard component in the HSS may be common to all BH
binaries, including persistent and transient sources.
4.4. Origin of the time variation
Let us discuss the origin of the long-term variations which
we detected down to 10−7 Hz. The simplest possibility would
be that fluctuations in the overall mass transfer rate from the
companion star produce the observed long-term X-ray varia-
tions. Generally, the mass transfer in Cyg X-1 is thought to
occur via capture of the stellar winds from the super giant com-
panion star, HDE226868. The winds are considered inhomo-
geneous as reported by several authors (Conti 1978; Gies &
Bolton 1986; Hanke et al. 2009), and as evidenced by vari-
able X-ray absorption episodes around the superior conjunc-
tions of the BH (Kitamoto et al. 1984; Remillard & Canizares
1984; Church et al. 1997). Therefore, the mass accretion rate
M˙ must fluctuate, and could produce the long-term variability.
However, besides the issue of how these fluctuations can prop-
agate to the X-ray emission regions (see below), it is not trivial
to explain with this scenario the difference in the variation (η
and η′) observed between the LHS and HSS.
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The observed long-term X-ray variations may alternatively
arise when some fluctuations in M˙ , produced spontaneously in
the accretion flow at various radii, propagate to the BH vicin-
ity. At a radius r from the BH, such spontaneous fluctuations
may generally take place on a time scale comparable to the
thermal time scale tth=(αΩK)−1, or the dynamical time scale
td = (ΩK)
−1
, where ΩK is the Keplerian angular velocity at r
and α is the viscosity parameter. Such variations can propagate
toward the center only if their time scales are longer than the
viscous time scale, given as tv = (αΩK)−1(r/H)2, where H
is the disk half thickness. In an optically thick and geometri-
cally thin disk, this tv is much longer than tth and td because
H≪ r. Therefore, variations in M˙ produced at any outer radii,
being strongly dissipated, would not propagate down to the X-
ray emitting region. However, if some fraction of M˙ streams
through a geometrically-thick (H ∼ r) and optically-thin flow,
in which we expect tv ∼ tth, the fluctuations produced at var-
ious larger radii can propagate inwards, and cause the X-ray
intensity to vary on a wide range of time scales. This idea was
invoked by Churazov et al. (2001) to explain the X-ray vari-
ations on timescales down to 10−4 Hz. We may extend this
two-flow scenario from the time scale of 10−4 Hz to 10−7 Hz,
identifying the optically-thick part with the standard accretion
disk, and assuming that the optically-thin part develops into
the Comptonizing corona in a vicinity of the BH. Assuming a
15M⊙ BH and α= 0.01, the observed time scale of tth ∼ 107
s can be explained if the optically-thin flow starts at∼ 3×1012
cm (∼ 6×105Rs). Furthermore, as detailed in Appendix C, the
larger long-term variability in the HSS can be explained if the
fraction of M˙ through the optically-thin part carries ∼ 0.5 M˙
in the HSS, while ∼ 0.2 M˙ in the LHS.
Although the two-flow picture, as constructed above after
Churazov et al. (2001), can account for essential features of
the observed long-term variability of Cyg X-1, it is still sub-
ject to a few issues to be solved. One is that the required size
of the optically-thin flow is comparable to the binary size of
Cyg X-1 (0.2 AU). It is not obvious whether such a large-scale
optically-thin flow can be actually created by possible candi-
date mechanisms, such as X-ray irradiation, vertical magnetic
pressure, and initial scatter in the specific angular momentum
of accepting blobs. Even if such a flow is produced, it is not
obvious whether its low density can be compensated by its
higher radial velocity, to carry a considerable fraction of the
total M˙ . Furthermore, we need to assume that the state differ-
ence, which is usually thought to be triggered at close vicinities
of the BH, is already present at such large radii: it is not clear,
either, whether some feedback mechanisms (e.g., X-ray irra-
diation) can control large-scale accretion flows in the required
manner.
At present, we cannot conclude for sure whether the ob-
served slow variations in the HSS can be explained by either
the stellar wind fluctuation or the two-flow picture. We might
need to consider other origins of the slow variability, including
their production at regions much closer to the BH. Further dis-
cussion is beyond the scope of the present paper: although our
ultimate goal is to identify the origin of the long-term variation,
the currently available data information is still insufficient for
that purpose.
5. Conclusion
By analyzing the three-band (2–4, 4–10 and 10–20 keV)
MAXI data accumulated over 5 years, we studied character-
istics of the long term X-ray variation of Cyg X-1 over the fre-
quency range of 10−7− 10−4 Hz. The long-term NPSD in the
HSS was obtained for the first time. By treating the LHS and
the HSS data separately but in the same manner, the following
results have been obtained.
1. In the LHS and HSS, the index of the NPSD was ob-
tained as −1.35± 0.29 and −1.29± 0.23, respectively.
They are consistent with those previously measured in
the frequency range above 10−3 Hz.
2. In the 4–10 keV, and 10–20 keV bands, the fractional
RMS variation η observed in the HSS was ∼ 2 and ∼
3 times higher, respectively, than those measured in the
LHS in the corresponding energies. In the 2–4 keV band,
η in the HSS was comparable to that in the LHS.
3. In the LHS, η weakly decreased towards higher energies.
This property is consistent with that seen in the short-
term variability during the LHS.
4. In the HSS, η was found to increase significantly with
energy, as a combination of the following two effects.
One is that the disk component is stable while the hard
tail varies. The other is that the hard tail slope flattens as
it becomes brighter.
We have studied long-term variability of the hard tail com-
ponent in the HSS. This will provide important clues to the yet
unidentified origin of this emission component.
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Appendix A. PSD simulation of MAXI/GSC ob-
servation
A–1. How to simulate a MAXI/GSC light curve
To estimate effects of the data gaps and the sampling win-
dows in our Cyg X-1 observation with the MAXI/GSC, we
make a simulated light curve in units of (counts s−1 cm−2),
whose PSD has a form of Af−1. The normalization A is cho-
sen to be close to what has actually been observed with the
MAXI/GSC. Let us assume first that the observation is contin-
uous with each data bin having a length ∆t, and set it equal
to a typical source transit time, tscan = 54 s. According to the
method described in Isobe et al. (2015) and Timmer & Koenig
(1995), the count rate ai at the i-th bin is generated as
ai =
2√
N∆t
NF−1∑
j=0
{ci(fj)+ si(fj)}(counts s−1 cm−2)
(A1)
ci(fj) =Rcos,j cos(2pifjti)
si(fj) =Rsin,j sin(2pifjti)
ti = i∆t (i = 0, ...,N − 1)
fj = j∆f (j = 0, ...,NF− 1)
Here N is the total time-bin number, of the order of 5× 105
(300d / 54s), NF = N/2 is the number of PSD bins, ∆f
is the width of each PSD bin [∆f = 1/(N∆t)], Rcos,j and
Rsin,j are independent gaussian-distributed random numbers
with their mean values 0 and their standard deviations
√
Af−1i ,
while ci(fj) and si(fj) are the corresponding Fourier compo-
nents. The DC component, c0, is chosen so as to reproduce
the average source count rate. The factor 2√
N∆t
is the coef-
ficient arising from the inverse Fourier transformation. Thus,
{ai; i=1,2,...N} provides a simulated light curve, but without
including the Poisson error.
To simulate the Poisson noise, a Poisson distributed random
number bi is generated at the i-th bin as
bi = p(ai · (S · tscan)+B) (counts). (A2)
Here p(x) means a Poisson distributed random number with the
mean value of x, S (cm2) is the average effective area per scan,
ai · (S · tscan) represents the simulated signal counts, and B
denotes the average background counts per transit of a source.
We ignore scan-by-scan scatter in S, tscan, and B. From this
bi, we subtract B, and divide the result by S · tscan, to obtain a
simulated data point Yi as
Yi = (bi−B)/(S · tscan) (counts s−1 cm−2). (A3)
An example of the light curve obtained in this way is shown in
figure 8.
We simulate one hundred light curves composed of continu-
ous 54-s bins, with a total real observation time of 318 d which
is the longest observation segment in the LHS (data No.1-all
in table 2). These 100 light curves with 54-s bin were Fourier
transformed into PSDs, which were averaged to give the PSD
shown in black in figure 9. It recovers the assumed ∝ f−1
shape.
A–2. Sampling effect
The MAXI exposure for a celestial object is far from being
continuous. A MAXI light curve consists of discrete snap-shot
scans, which are separated by ∆t=92min≃ 5400s and lasting
for ∼ tscan each. In such sparse-sampling observations with
tscan≪∆t, significant alias appears in the high frequency end
(subsection 3.2.2; Kirchner 2005).
To estimate the effects of aliasing (sampling effects), we re-
tained one every 100th bin, and discarded the remaining 99
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Fig. 8. The left figure is a simulated light curve calculated with equation (A3). The right one is after applying the data gaps and filling them by linear
interpolations. The sampling time is ∆t= 5400 s.
data points. Analysis of these sparse light curves yielded the
red PSD in figure 9. The red points have more power than the
black one towards the Nyquist frequency. This is because the
power from 10−4 to 10−2 Hz, which was smeared out in the
black PSD by averaging over the original 100 data points, now
appears in frequencies below 10−4 Hz. This excess represents
the alias power.
A–3. Gap effect
Next, to simulate the observational gaps, the sparse (5400s
bin) light curves were multiplied with exactly the same sam-
pling windows as in the actual data (data No.1-all). An exam-
ple is given in figure 8 (right). After interpolating these gaps
in the same manner as for the actual data, the fake light curves
were again Fourier transformed. The obtained PSDs were av-
eraged, and are shown in figure 9 in blue. The alias effect is
still present.
A–4. Correction by a Transfer function
The bottom panel of figure 9 shows the ratio of the PSD
calculated from the sparse and gap-applied light curves, mim-
icking the actual observation, to the original PSD. This is to
be called the transfer function. We corrected the sampling and
gap effects in the MAXI/GSC observation, by dividing the PSD
calculated from the real data by this transfer function.
To evaluate systematic errors associated with the transfer
function, we also performed similar simulations by changing
the PSD index to −2 and−0.5. As expected, the transfer func-
tion became flatter (∼ 5 at 10−5) for the PSD index −2 (∼ 1
at 10−5 Hz), while more deviated from unity (∼ 5 at 10−5 Hz)
when the PSD index is set at −0.5. However, these effects are
limited to frequencies above∼ 10−5 Hz.
Appendix B. Estimate of the Poisson noise
The observed data are subject to statistical fluctuations, or
Poisson noise. Since this component is independent of the in-
trinsic source variability, the derived raw PSDs are considered
to be a direct sum of the intrinsic and Poissionian contribu-
tions. Although the Poisson noise would usually be a constant,
this is not true in the present case, because of the data gaps,
background variations, and other practical effects. We hence
estimate the Poisson-noise contributions to the PSDs by a nu-
merical simulation; the results were already used in subtraction
in section 3.2 when calculating the PSDs of figure 3 and figure
4.
The aim of the above simulation is to construct light curves
that would be observed if Cyg X-1 had a constant intensity
throughout. This has been carried out in the following steps.
1 We start from calculating the mean intensity y¯ of Cyg
X-1 in a specified energy band, as an average over the 5
years of the MAXI data.
2 The signal counts to be observed at the i-th scan of
“non-varying Cyg X-1” can be expressed as y¯(S ·tscan)i,
where the effective area S and the source transit time
tscan are the same as in Appendix A.
3 The total counts to be detected in the i-th scan can be
expressed as y¯(S · tscan)i +αiBi, where Bi is the back-
ground which was estimated scan-by-scan and was al-
ready utilized in section 2 to derive the light curves in
figure 1, while αi is a correction factor for the effective
area in the i-th scan.
4 The above quantity is randomized into bi ≡
p (y¯(S · tscan)i+αiBi) in the same way as in Appendix
A. Then, {bi} represent the simulated raw counts data,
before the background subtraction, to be detected in this
fake observation.
5 From this randomized counts bi, we subtract αiBi in the
same way as in section 2, and divide the result by (S ·
tscan)i, to obtain the simulated light curve {Yi} which
should be observed from “non-varying Cyg X-1”. The
procedure is summarized as
Yi=(bi−αiBi)/(S · tscan)i (counts s−1 cm−2) .(A4)
We produced the simulated light curves {Yi} 100 times, and
calculated their PSDs in the same manner as for the actual data.
In comparison with the actual 4–10 keV PSD of Cyg X-1 in
the HSS (black), the 4–10 keV PSD thus simulated and aver-
aged over the 100 runs is shown in figure 10 in red. Since the
source intensity has been assumed to be constant, the red PSD
is considered to represent pure Poisson fluctuations. While this
PSD is approximately flat on long time scales (< 10−7 Hz) as
expected for white noise, it decreases towards higher frequen-
cies. This is because the data gaps were filled with linear lines
which do not contain statistical fluctuations: the Poisson noises
are diluted on time scales shorter than those of the data gaps. In
any event, the estimated Poisson-noise contribution is < 15%
of the signal PSD at all frequencies analyzed here, and partic-
ularly below a few percent at < 10−6 Hz.
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Fig. 9. Simulations of the alias effects and sampling effects on the PSD. The black data are the PSD calculated from 100 fake light curves, each continuous
with a bin width of 54s. The red one is the PSD calculated after sparse sampling (once every 5400s), to the original light curves, and blue one further
considering the data gaps that are present in the read data. The bottom panel shows the transfer-function, obtained by the dividing the blue PSD by the
black one.
10-7 10-6 10-5 10-4
frequency (Hz)
10-8
P
S
D
104
105
106
103
102
101
Fig. 10. The simulated 4–10 keV Poisson-noise contribution (red),
compared with the 4–10 keV PSD actually observed from Cyg X-1
in the HSS (black).
Appendix C. Mass accretion rates through op-
tically thick accretion disk and corona
Utilizing schematic drawings in figure 11, we consider an
accretion model of Cyg X-1 that can explain our results. The
optically-thick accretion disk (thick black line) is assumed to
extend from outer regions inwards, but is truncated at a certain
radius in the LHS. Meanwhile, in the HSS it is thought to ex-
tend down to the ISCO. In both states, the optically-thin flow
is assumed to extend from an outer region (∼ 6×105Rs) to the
ISCO. The radii, observed low frequency variations of the mass
flow are assumed to be generated in the optically-thin flow at
large radii, and propagates through the optically-thin flow to
the vicinity of the BH to make the hot corona vary on these
long time scales.
After Churazov et al. (2001), let us consider mass accre-
tion rate through the optically-thick disk; M˙d and through the
optically-thin flow; M˙c. The total accretion rate is given as
M˙t=M˙d+M˙c. We further assume that the Comptonized com-
ponent in the energy spectrum is mainly powered by M˙c, while
the disk emission by M˙d. Let us describe fractional variations
in M˙c and M˙d as fc and fd, respectively, and assume that these
16 Astronomical Society of Japan [Vol. ,
quantities depend neither on the frequency nor on the spectral
state. Then, the observed normalized power should be propor-
tional to [(fcM˙c)2 + (fdM˙d)2]/(M˙t)2. When the optically-
thick flow is not variable, fd is equaled to zero.
In the LHS, the optically-thick accretion disk is truncated
at a certain radius, and within that radius, only the optically-
thin flow exists (M˙t = M˙c; Churazov et al. 2001). Then,
since the time variation above 0.1 Hz originates only from the
optically-thin flow, the normalized power of this range is f2c
itself; NPSD = f2c . On the other hand, in the frequency less
than 10−3 Hz the NPSD is roughly 125 of the extrapolation
of the NPSD above 0.1 Hz. Therefore
[ (fcM˙c)2
(M˙t)2
]
LHS
= 125f
2
c ,
where fd = 0 is assumed. The suffix LHS specifies the states.
Since we assume that fc is independent of frequency, we ob-
tain
[
M˙c
M˙t
]
LHS
∼ 15 , and hence
[
M˙d
M˙t
]
LHS
∼ 45 . In the hypo-
thetical model, the PSD flattening at 10−3− 10−1 Hz (figure
5) is explained that the higher-frequency variations (> 10−1
Hz) are produced inside the disk-truncation radius, while the
lower-frequency ones (< 10−3 Hz) mainly originate in the re-
gion where the two flows co-exist.
Similar arguments can be performed on the HSS. In the low
frequency region below 10−4 Hz, the normalized power of the
HSS,
[ (fcM˙c)2
(M˙t)2
]
HSS
, is about six times larger than that in the
LHS,
[ (fcM˙c)2
(M˙t)2
]
LHS
= 125f
2
c (see figure 5). Since we assume
that fc does not depend on the states,
[ (fcM˙c)2
(M˙t)2
]
HSS
= 625f
2
c .
Then,
[
M˙c
M˙t
]
HSS
=
√
6
25 ∼ 12 , and hence
[
M˙d
M˙t
]
HSS
∼ 12 . These
values are supported by the fact that the luminosity of the disk
component is roughly the same as that of the Comptonized
component in the HSS (see table 7). The inferred fractions
of the mass accretion rate through the assumed two flows are
summarized in figure 11.
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Fig. 11. Ilustrations of accretion models in the LHS (left) and in the HSS (right). The optically-thick accretion disk is shown with a thick black line,
which is truncated at a certain radius in the LHS, but extends down to the ISCO in the HSS. In both states, the optically-thin flow extends up to ∼ 105Rs,
while it turns into the Comptonizing corona at small radii. The percentages mean the fractional mass accretion rate in each state.
